The way in which the occurrence of urban traffic collisions can be conveniently and precisely predicted plays an important role in traffic safety management, which can help ensure urban sustainability. Point of interest (POI) and nighttime light (NTL) data have always been used for characterizing human activities and built environments. By using a district of Shanghai as the study area, this research employed the two types of urban sensing data to map vehicle-pedestrian and vehicle-vehicle collision risks at the micro-level by road type with random forest regression (RFR) models. First, the Network Kernel Density Estimation (NKDE) algorithm was used to generate the traffic collision density surface. Next, by establishing a set of RFR models, the observed density surface was modeled with POI and NTL variables, based on different road types and periods of the day. Finally, the accuracy of the models and the predicted outcomes were analyzed. The results show that the two datasets have great potential for mapping vehicle-pedestrian and vehicle-vehicle collision risks, but they should be carefully utilized for different types of roads and collision types. First, POI and NTL data are not applicable to the modeling of traffic collisions that happen on expressways. Second, the two types of sensing data are quite suitable for estimating the occurrence of traffic collisions on arterial and secondary trunk roads. Third, while the two datasets are capable of predicting vehicle-pedestrian collision risks on branch roads, their ability to predict vehicle safety on branch roads is limited.
Introduction
Traffic collisions have always been one of the major factors threatening human life. According to the Global Status Report on Road Safety 2018 released by the World Health Organization (WHO) [1] , 1.35 million people die from traffic collisions annually and this number is still on the rise with the rapid increase of the global population. It is expected that traffic collisions will become the fifth leading cause of death in 2030 if no further actions are taken [1] .
On urban roads, road users may have a higher risk of becoming a victim because of the heavy traffic flow and complex traffic environment [2, 3] . Traffic collisions that happen on urban roads not only severely threaten property and human life, but also negatively affect urban traffic and Sustainability 2019, 11, 4739 2 of 14 bring inconvenience to citizens. Uncovering the spatio-temporal distribution of traffic collisions and detecting areas of high risk may help promote the efficiency of traffic resource allocation and practical efforts to ensure public road safety [4, 5] .
A number of factors have been widely used to estimate the occurrence of traffic collisions at the micro-level, such as vehicle speed [6] [7] [8] [9] and/or vehicle exposure [4, 5, 10, 11] , the geometric and physical characteristics of roads [12, 13] , and land use types [14, 15] . For instance, a study by Shirazinejad et al. found that the collision rate increased when the speed limit on expressways rose from 70 mph to 75 mph [9] . Tulu et al. [16] found that narrow lanes and uneven road surfaces could cause traffic collisions to occur. LaScala et al. [17] , Yao et al. [18] , and Tulu et al. [16] proved that the traffic collision rate was positively related to the exposure of vehicles and/or pedestrians. Using a negative binomial regression model, Shirazinejad et al. discovered that the billboards around highways would increase the number of collisions on surrounding roads [19] . As for land-use, studies by Wier et al. [14] and Alkahtani et al. [20] have shown a significant positive relationship between the increase in commercial land area and the number of collision events. Loukaitou-Sideris et al. [21] found that multifamily residential land use increased the probability of pedestrian collisions. Alkahtani et al. [20] reported that agricultural and educational land use would negatively influence the occurrence of pedestrian traffic collisions.
Among these explanatory variables, precise traffic exposure data, such as traffic flow and pedestrian flow, are most important but are not easy to obtain. Recently, point of interest (POI) [22] [23] [24] , a type of social sensing data, has been introduced into the crash prediction models due mainly to its easy access and high capability for reflecting characteristics of human activities and the built environment. A typical example is the study by Jia et al. [24] that examined the relationship between collisions rate and different types of POI and stated that there were more traffic collisions around banks and hospitals. Yao et al. [23] have shown that pedestrian collisions are more likely to occur in the vicinity of retail shops [19] . However, previous research mainly focused on vehicle-pedestrian collisions. Few studies have investigated the usefulness of POI on the prediction of vehicle-vehicle collisions. Moreover, current research has failed to examine variation in POI effects across different types of roads. To bridge the research gap, this study aimed to explore the ability of POI to estimate traffic collisions by categories of collisions, types of roads, and periods of the day. In particular, this study introduced the nighttime lights (NTL) dataset [25] [26] [27] [28] [29] [30] [31] , a type of remote sensing data, into the crash prediction models. The aim was to explore the ability of the two data sources to map urban road safety, since both of them are easily obtained and are widely acknowledged for reflecting human activities and urban structure.
The following section introduces the study area and data. The methods used in this research are introduced in Section 3. The results are presented and discussed in Section 4, followed by the conclusion in the final section.
Study Area and Data
Situated in East China, Shanghai has 16 municipal districts with a total area of about 6,340 km 2 [32] . As a financial, transportation, and trade center of China, Shanghai is facing severe traffic problems associated with rapid urbanization, resulting in tremendous financial losses every year caused by traffic collisions. Located in the urban core of Shanghai, Changning District was selected as the study area and has a variety of urban road types including expressways, and arterial, secondary trunk, and branch roads. Table 1 presents the design standards on width, number of lanes, and speed, as well as functions by urban road type [33] , and Figure 1 describes the location of the study area and the distribution of roads.
Traffic collision data, including property-damage, injury, and fatal crashes, were collected by the Shanghai 110 Call Center. To ensure the representativeness of road collisions, this study pooled data from 2014 and 2015 into one dataset. Altogether, 2484 vehicle-pedestrian collisions and 69,669 vehicle-vehicle crashes occurred in this district during these two years. Road network data were collected from the Open Street Map (OSM). Table 2 presents statistics on the length of roads and traffic collisions by road type. It can be observed that branch roads are the most dangerous for pedestrians, while vehicles have a higher risk of colliding on arterial roads, if the length of roads is taken into consideration. Although pedestrians are not allowed access to expressways, there were still five vehicle-pedestrian collisions on expressways in these two years. Compared with any other type of road, expressways were relatively safe. Fewer than 1% of vehicle-vehicle collisions occurred on expressways, which accounted for around 20% of the length of the entire road network. taken into consideration. Although pedestrians are not allowed access to expressways, there were still five vehicle-pedestrian collisions on expressways in these two years. Compared with any other type of road, expressways were relatively safe. Fewer than 1% of vehicle-vehicle collisions occurred on expressways, which accounted for around 20% of the length of the entire road network. In this study, POI data were collected from Baidu, Inc. (Beijing, China) in 2014. Baidu Map allows developers to obtain POI data on the map by calling the application programming interfaces. As mentioned earlier, this study also introduced NTL data to reflect the human activity and spatial characteristics of cities. This study employed National Polar-orbiting Partnership Visible Infrared In this study, POI data were collected from Baidu, Inc. (Beijing, China) in 2014. Baidu Map allows developers to obtain POI data on the map by calling the application programming interfaces. As mentioned earlier, this study also introduced NTL data to reflect the human activity and spatial characteristics of cities. This study employed National Polar-orbiting Partnership Visible Infrared Imaging Radiometer Suite (NPP-VIIRS) data provided by the National Oceanic and Atmospheric Administration's National Centers for Environmental Information (OAA/NCEI) of the United States [34] [35] [36] [37] [38] . To avoid the influence of stray light, lightning, lunar illumination, and cloud-cover, this study used NPP-VIIRS monthly composite data, for which the unit is nanoWatts/cm 2 /sr and resolution is 15 arc-seconds (approximately 500 m). Figure 2 shows the NPP-VIIRS nighttime light images in the Shanghai area in April 2015. Imaging Radiometer Suite (NPP-VIIRS) data provided by the National Oceanic and Atmospheric Administration's National Centers for Environmental Information (OAA/NCEI) of the United States [34] [35] [36] [37] [38] . To avoid the influence of stray light, lightning, lunar illumination, and cloud-cover, this study used NPP-VIIRS monthly composite data, for which the unit is nanoWatts/cm 2 /sr and resolution is 15 arc-seconds (approximately 500 m). Figure 2 shows the NPP-VIIRS nighttime light images in the Shanghai area in April 2015. 
Methods
Firstly, the traffic collision density of each road segment was obtained using the Network Kernel Density Estimation (NKDE) method. Next, a collinearity test was conducted to help select POI and NTL variables. Then, random forest regression (RFR) was applied to the modeling of traffic collision density, with a set of indicators derived from POI and NTL data. Various models were developed according to different periods and road types. Two periods were selected, including daytime hours (6:00-18:00) and nighttime hours (18:00-6:00).
Network Kernel Density Estimation
Network Kernel Density Estimation was developed for generating a smooth density curve for a spatial point event in the geospatial space of a one-dimensional road network [39] . Figure 3 shows the basic elements of NKDE. 
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Network Kernel Density Estimation
Network Kernel Density Estimation was developed for generating a smooth density curve for a spatial point event in the geospatial space of a one-dimensional road network [39] . Figure 3 shows the basic elements of NKDE. Firstly, a linear reference system based on segmentation of the road network was established to ensure regular intervals along the roads for density estimation. The segmentation length was set as 200 m in this study. Secondly, the center point of each segment, also known as the reference point (RP), was generated. For each reference point, the density value was calculated as follows [23, 39] :
where r is the bandwidth (searching radius), d is is the network distance from the reference point s to the traffic collision i, and k d is r is the kernel function. Commonly used kernel functions include the Gaussian, Quartic, Conic, Negative Exponential and Epanechnikov functions [40] , which can be used to measure the "distance decay effect". The bandwidth in this study was set as 500 m, and Quartic was selected as the kernel function, defined as follows:
Previous research has shown that the kernel density result is much more sensitive to the selection of the bandwidth than to the choice of a kernel function or the road segmentation length [39] . Commonly, a larger bandwidth may be useful for obtaining hotspots at larger scales, and a smaller bandwidth may be suitable for presenting local effects or hotspot patterns at a smaller scale [39, 41, 42] . As the former may result in a smooth surface where traffic collision hotspots are prone to mixing with safe neighboring locations, and the latter is likely to produce many tiny isolated hotspots [23] , an intermediate value of 250 m was chosen as the bandwidth for this study, to ensure an appropriate density surface.
Variable Collinearity Analysis
Although there are many types of POI data that can be used as variables, introducing excessive variables may cause overfitting of the model [43] . Following previous studies [22] [23] [24] , the variables that are described in Table 3 were chosen for this study. The NTL value of each road segment was taken from the pixel value closest to the reference point. Although the predictive ability of the random forest model used in this study is less likely to be influenced by the collinearity of the variables, the interpretability of the model may be significantly affected. The contribution of a feature can be biased due to severe collinearity of the variables. Furthermore, it increases the complexity of the model, which does not obey the principle of Occam's Razor [43, 44] . Therefore, a collinearity test method was conducted in this research. Generally, there are four kinds of collinearity test, including the Pearson correlation coefficient matrix, the sign of regression coefficients, the F test, the t-test of regression coefficients, and the tolerance and variance inflation factor (VIF) [45] [46] [47] [48] . In this study, the Pearson correlation coefficient matrix and the test of tolerance and VIF were employed to perform the collinearity test. A smaller tolerance leads to a larger VIF, which indicates a more severe collinearity problem between variables. The formula is as follows [49] :
where R j 2 is the R 2 found when regressing all other predictors onto the predictor j.
Following previous studies, a correlation coefficient above 0.95, or a VIF above 5, indicates severe collinearity between two variables, which suggests that one of them should be eliminated [8, [50] [51] [52] .
Random Forest Regression Algorithm
The random forest regression (RFR) model is widely used in multi-source data regression for its capability in estimating variable importance and its robustness with a small number of samples [53] . It was initially invented by Breiman in 2001 [54] , and is widely applied in multiple subjects and areas due to its advantages compared to other machine learning models. As one of the supervised learning algorithms, the random forest is a Bagging algorithm based on a decision tree learner, which also adds the process of randomly selecting attributes in the training process of the decision tree. The core of the Bagging algorithm is to use random sampling of training data to construct the classifier, and finally, combine the learned model to increase the overall effect. In each round of random sampling of Bagging, approximately 36.8% of the data in the training set were used as "Out Of Bag" (OOB) data. These data do not participate in the fitting of the training set model and can, therefore, be applied to examine the generalization capabilities of the model. Empirical examples show that the error estimation of the OOB data shares the same accuracy as that of a test set of the same size as the training set, which proves that the OOB error estimation can replace the error estimation with the test set [55, 56] . OOB error usually has the following calculation process: (1) For each sample, its classification results when being used as an OOB sample are calculated (approximately 1/3 of all the trees); (2) The final classification result is obtained by using the Majority Vote Algorithm; (3) Finally, the ratio of the number of misclassifications to the total number of samples is used as the OOB error of the random forest [56] . In this study, the OOB score that represents the correct classification ratio was used. A high OOB score indicates a better model fit. The Classification and Regression Tree (CART) used in the random forest divides the nodes by Gini coefficients. The Gini Index is defined as follows:
where Gini(D) is the Gini Index of the dataset, and D p k is the probability that the kth value is chosen. The Gini Index is the probability that two randomly picked samples from the dataset D have two different category identifiers. A lower Gini Index represents high purity of the dataset, and the CART tree prefers the higher purity feature for branching. By calculating the Gini coefficient divergence before and after each node's division, the importance of the features in the current decision tree can be obtained. Random forests calculated the weighted average of the characteristics of each tree to determine the importance of each feature, which significantly increased the interpretability of the model [57] . There was no need to standardize the input variables in the process of model construction, depending on the characteristics of the decision tree branch. This study used Scikit-Learn [58] , an open-source Python-based machine learning toolbox to implement the RFR algorithm.
In this study, the RFR model was trained separately for different periods and road types. To reach the highest accuracy of the model with current training data, this study used GridsearchCV in Scikit-Learn to optimize the parameters in the RFR models [59] . Table 4 shows the parameters that we optimized in all RFR models, as well as the best values of parameters for the daytime and arterial-road model as an example. 
Results and Discussion
A Pearson correlation matrix was used to examine the correlation between variables extracted from the multiple sources mentioned above. Figure 4 presents the correlation coefficient matrix of the variables. The numbers in the matrix are the correlation coefficients between two variables and the color ramp represents the degree of positive and negative correlation. It can be observed that there are no pairs of variables with a correlation above 0.95. Table 5 provides the tolerance and VIF of variables.
The VIF values of the variables are all below 5, illustrating low collinearity among variables. It should be pointed out that both POI and NTL data have been widely used in urban studies because of their excellent capability for reflecting the characteristics of human activities and urban structure.The low collinearity indicates that the two types of sensing data may provide different information on human movements and the built environment. It is hence worth employing both data sources in mapping urban road safety. In this study, the RFR model was trained separately for different periods and road types. To reach the highest accuracy of the model with current training data, this study used GridsearchCV in Scikit-Learn to optimize the parameters in the RFR models [59] . Table 4 shows the parameters that we optimized in all RFR models, as well as the best values of parameters for the daytime and arterialroad model as an example. 
Results and Discussions
A Pearson correlation matrix was used to examine the correlation between variables extracted from the multiple sources mentioned above. Figure 4 presents the correlation coefficient matrix of the variables. The numbers in the matrix are the correlation coefficients between two variables and the color ramp represents the degree of positive and negative correlation. It can be observed that there are no pairs of variables with a correlation above 0.95. Table 5 provides the tolerance and VIF of variables. The VIF values of the variables are all below 5, illustrating low collinearity among variables. It should be pointed out that both POI and NTL data have been widely used in urban studies because of their excellent capability for reflecting the characteristics of human activities and urban structure.The low collinearity indicates that the two types of sensing data may provide different information on human movements and the built environment. It is hence worth employing both data sources in mapping urban road safety. The OOB score was utilized to estimate the generalization error of the RFR models. To test whether the use of NTL data increased the accuracy of prediction, this study compared the accuracy of a model generated using POI data alone and a model using a combination of POI and NTL data. Table 6 shows the OOB scores of each model and the accuracy improvements due to the integration of NTL data. The number in parentheses refers to the increased percentages of the model's OOB-scores when the NTL data were introduced. Regardless of the period, the OOB scores of models with POI variables only (named POI-only models hereafter) for vehicle-pedestrian collisions ranged from 0.70 to 0.84 on the arterial, secondary trunk, and branch roads. This shows that POI variables are capable of predicting collisions involving pedestrians on the three types of roads, and is consistent with previous findings that POI indicators could account for most variations of vehicle-pedestrian crashes [23] . Compared with branch roads, POI-only models for arterial and secondary trunk roads had relatively higher OOB scores (above 0.7), indicating that POI factors have an excellent capability for mapping pedestrian safety on upper-grade roads, except for expressways (with OOB scores lower than 0.1), where people are usually not allowed to walk and where few pedestrian collisions happened.
For vehicle-vehicle crashes, POI-only models for the arterial and secondary trunk roads had significantly better performance than those for the branch roads. The OOB scores of models for the arterial and secondary trunk roads were around 0.70 and 0.80, respectively, while the scores for the branch road models were only slightly above 0.50. It should also be noted that, similar to vehicle-pedestrian crashes, the OOB scores of POI-only models for vehicle-vehicle collisions on expressways were quite small (below 0.1), indicating a poor ability of POI indicators in estimating traffic collisions occurring on this particular type of road.
When introducing NTL data, most RFR models were better fitted, reflecting that NTL data may provide additional information on the built environment that could significantly affect the occurrence of road crashes. Although OOB scores of models for traffic collisions on expressways were dramatically improved, by at least 58%, all the values were below 0.20, indicating that it is inappropriate to employ these two kinds of sensing data for modeling any type of traffic collisions occurring on expressways. The OOB scores of branch-road models for vehicle-pedestrian collisions increased by 6%, while those for vehicle-vehicle collisions improved by 16%. However, the scores of the latter were roughly 0.6, far below those of the former, suggesting that the two datasets might be more suitable for modeling vehicle-pedestrian crashes than for modeling vehicle-vehicle type crashes occurring on branch roads. Different types of roads have different functions in an urban road system. Expressways in a metropolitan city like Shanghai, provide services for relatively long trips, which may include travel across districts. Hence, the local characteristics reflected by POI and NTL data in this study were unable to explain the variation in traffic collisions on expressways. At the other end of the urban road spectrum are the type of branch roads for which construction is community-oriented. Diverse communities may result in very different and complex road conditions. Merely using POI and NTL data may not sufficiently describe the detailed local features of the road environment. The performances of models for branch roads were thus not as good as those for the arterial and secondary trunk roads.
Compared with a vehicle, a trip by a pedestrian is usually short and is more likely to relate to the surrounding POI. For instance, people usually walk from their place of residence to supermarkets or parks in the vicinity. The clustering of retail shops may attract many pedestrians walking from one shop to another. POI and NTL data have more significant strengths in modeling crashes involving pedestrians.
The integration of NTL has more positive impacts on the mapping of vehicle collision risk than on pedestrian safety. A possible reason could be that the occurrence of vehicle-vehicle collisions is more likely to be influenced by road condition and the NTL data may not only reflect the intensity of human activities but also depict the characteristics of road infrastructure. For instance, a road with good lighting may imply a pleasant travel environment that can prevent vehicles from colliding. This reason may also explain why the extent to which the model accuracy was improved was more significant for branch roads.
When comparing models of daytime and nighttime, one may observe that vehicle-pedestrian collisions that happened in the daytime were better modeled than those occurring during the nighttime, while there was no significant difference between models of vehicle-vehicle collisions. This implies that there might be more complex risk factors influencing pedestrian safety at night.
To further explore the modeling accuracy, the spatial patterns of observed and estimated densities were compared. Figure 5 describes the spatial distribution of observations, estimates as well as standard residual Z e , calculated by the formula below:
where n is the number of samples, y i is the observed value of sample i,ŷ i is the predicted value of sample i, and S e is the standard deviation estimation of the residual. Most of the standardized residuals fall into the range −0.5~0.5, signifying good performance of models on most road sections. Residuals above 1.5 (hotspots) and below −1.5 (cold spots) are highlighted in Figure 5 . Looking into the location of the hotspots, one may find that they are mainly concentrated in the area with high observed density values, while the cold spots are clustered in the low-value area. This indicates that the model may have a tendency to underestimate the higher values and overestimate the lowers. One possible explanation for this phenomenon could be the inherent limitations of the random forest, whose final result is obtained by averaging the results of multiple decision trees, which may lead to a decreasing variance of the model's results and an unobtainable prediction value that exceeds the range of observed values [31, 62] . Most of the standardized residuals fall into the range −0.5~0.5, signifying good performance of models on most road sections. Residuals above 1.5 (hotspots) and below −1.5 (cold spots) are highlighted in Figure 5 . Looking into the location of the hotspots, one may find that they are mainly concentrated in the area with high observed density values, while the cold spots are clustered in the low-value area. This indicates that the model may have a tendency to underestimate the higher values and overestimate the lowers. One possible explanation for this phenomenon could be the inherent limitations of the random forest, whose final result is obtained by averaging the results of multiple decision trees, which may lead to a decreasing variance of the model's results and an unobtainable prediction value that exceeds the range of observed values [31, 62] .
In the context of road safety, hotspot identification is crucial for safety improvement. To examine the extent to which the limitations of the random forest algorithms influence the detection of traffic collision hotspots, Getis Ord (G * ) Statistics [63] were performed with ArcGIS 10.4 software. G * is a statistically significant Z-score calculated by the formula [63] :
where is the attribute value of element , , is the spatial weight between elements and , is the total number of elements, and = ∑ (8) In the context of road safety, hotspot identification is crucial for safety improvement. To examine the extent to which the limitations of the random forest algorithms influence the detection of traffic collision hotspots, Getis Ord (G * i ) Statistics [63] were performed with ArcGIS 10.4 software. G * i is a statistically significant Z-score calculated by the formula [63] :
where x j is the attribute value of element j, w i,j is the spatial weight between elements i and j, n is the total number of elements, and X = n j=1 x j n (8)
The results of the hotspot analysis are presented in Figure 6 . It was found that most hotspots identified from observed and estimated densities were consistent, suggesting that the negative impact of the algorithm on the identification of hazardous road locations was slight and acceptable.
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Conclusions
A convenient way in which urban traffic collisions can be precisely predicted plays an essential role in traffic safety management. This study applied POI and NTL data to the mapping of vehiclepedestrian and vehicle-vehicle collision risks with RFR models, as these two data sources are commonly used for characterizing human activities and the built environment. In particular, this research investigated the usefulness of the two types of urban sensing data in predicting pedestrian and vehicle safety by road type. The results showed that the two datasets have great potential in mapping vehicle-pedestrian and vehicle -vehicle collision risks, but they should be carefully utilized for different kinds of roads and collision types. First, POI and NTL data are not applicable to the modeling of traffic collisions that occur on expressways. Second, the two types of sensing data are quite suitable for estimating the occurrence of traffic collisions on middle-order roads, that is, arterial and secondary trunk roads, in the case of Shanghai. Third, although the two datasets are capable of predicting vehicle-pedestrian collision risks on branch roads, their ability to predict vehicle safety on branch roads is limited.
It should be pointed out, that the purpose of this research was to explore the potential of using POI and NTL data to map traffic collisions. It placed emphasis on the prediction of traffic collisions on urban roads and did not consider in detail the influence of each feature in the model. Hence, it is difficult to obtain rules such as the crash modification factors mentioned in previous studies [9] . As investigating impacts of explanatory variables on traffic collisions can help policy-makers to conduct safety improvement programs, future research could be dedicated to the association of the POI and NTL features with traffic collisions. This research established models for daytime and nighttime to explore the sensitivity of the models to periods of the day, and the results indicated that the temporal variation was limited. It is worth further examining the validity of these models when more data Figure 6 . The distribution of hotspots detected based on both observed and estimated density values, by road type and period.
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It should be pointed out, that the purpose of this research was to explore the potential of using POI and NTL data to map traffic collisions. It placed emphasis on the prediction of traffic collisions on urban roads and did not consider in detail the influence of each feature in the model. Hence, it is difficult to obtain rules such as the crash modification factors mentioned in previous studies [9] . As investigating impacts of explanatory variables on traffic collisions can help policy-makers to conduct safety improvement programs, future research could be dedicated to the association of the POI and NTL features with traffic collisions. This research established models for daytime and nighttime to explore the sensitivity of the models to periods of the day, and the results indicated that the temporal variation was limited. It is worth further examining the validity of these models when more data from different locations can be obtained. In addition, this study broadly classified traffic collisions into vehicle-vehicle and vehicle-pedestrian collisions because of the data availability. However, the influences of POI and NTL factors on traffic collisions involving different types of vehicles may differ. If detailed traffic collision data on vehicle types are available, more research efforts can be focused on the extent to which the models are sensitive to different types of vehicle-vehicle collisions.
